In light of the excellent long-term survival of childhood cancer patients, it is imperative to screen for factors affecting health, function, and quality of life in long-term survivors.
T he changing landscape of childhood cancer treatment over the last 6 decades has seen the improvement of childhood and adolescent cancer survival rates to 80% or greater for many cancer types. 1, 2 A child who survives 5 or more years after cancer diagnosis has a life span comparable with other persons of their age. 3 In view of this excellent longterm survival, it is important to characterize the long-term morbidity from cancer treatment in the context of a significant burden of long-term health conditions in childhood cancer survivors (CCS). [4] [5] [6] Chemotherapy-induced peripheral neuropathy (CIPN) is a potentially long-lasting adverse effect of commonly used chemotherapy agents in pediatric practice, principally vincristine and other vinca alkaloids, cisplatin, and carboplatin. 7 To our knowledge, long-term outcomes of peripheral neuropathy from these agents in children remain to be fully delineated. Neuromuscular impairment and restricted participation in daily activities are observed in CCS, [8] [9] [10] and persistent deficits in fundamental motor skills are demonstrable in children following completion of cancer treatment. 11 Multiple factors, such as obesity, poor bone health, and psychosocial health, may be part of a complex interaction that limits physical activity, which in turn perpetuates and maintains longterm health conditions. 4, 5, 12, 13 Chemotherapy-induced peripheral neuropathy may be a key factor contributing to reduced physical performance, and defining its effect is an important consideration in the design of any interventional programs. While other studies have demonstrated physical limitations in CCS, 8, 9, 14, 15 this study aims to extend these findings by providing a comprehensive multimodality evaluation of CIPN in long-term survivors of extracranial childhood cancer across multiple cancer types to define the disease burden and its functional effect as well as to inform recommendations for screening in this population.
Methods
Childhood cancer survivors treated with chemotherapy for extracranial malignancy before the age of 17 years at the Kids Cancer Centre, Sydney Children's Hospital, Sydney, Australia, were recruited consecutively between April 2015 and December 2016 from the long-term follow-up clinic.
Patients with other causes of peripheral neuropathy, such as diabetes, history of critical illness neuropathy, known inherited neuropathic conditions, or other neurodevelopmental disorders, were excluded. The study was approved by the Sydney Children's Hospitals Network Human Research Ethics Committee. Written informed consent was obtained from each participant or their parent/guardian in accordance with the Declaration of Helsinki. A comprehensive neurotoxicity assessment was carried out with each participant. For participants younger than 17 years, this included the pediatric-modified Total Neuropathy Score (TNS) for clinical measures, the Movement Assessment Battery for Children (MABC) for functional measures, nerve conduction studies for neurophysiological measures, and the Pediatric Quality of Life Inventory Generic Core Scales (PedsQL) and the Pediatric Outcomes Data Collection Instrument (PODCI) for patient-reported outcome (PRO) measures. For participants 17 years or older, this included the TNS clinical version for clinical measures, Von Frey monofilaments, grating orientation task, and grooved peg board task for functional measures, nerve conduction studies for neurophysiological measures, and the European Organisation for Research and Treatment of Cancer (EORTC) quality-of-life questionnaire and chemotherapy-induced peripheral neuropathy questionnaire (CIPN20) for PRO measures (eMethods and eTable 1 in the Supplement). Investigators were blinded to the type of chemotherapy.
Statistical analyses were conducted in consultation with a biostatistician using SPSS Statistics version 23 (IBM) and Prism version 7 (GraphPad). Comparisons used 2-tailed t tests and Mann-Whitney U tests for nonparametric subgroup analyses, χ 2 tests for nominal data, 1-way analysis of variance for multiple groups, and Pearson or Spearman (small or ordinal data sets) correlations. Results are stated as means with standard deviations, and a P value less than .05 was considered significant. Bonferroni-corrected P values were used for correlations with multiple PROs. Results were compared with healthy age-matched controls (age range, 6-56 years) or established population reference ranges for pediatric functional and PRO measures (eMethods and eTable 2 in the Supplement). In addition to group-level comparisons, individual item variance for each participant's performance was calculated using the following formula: (control mean time − participant time) / control standard deviation. The 1-sample t test was used to compare the group variances with 0. The participant group mean was compared with the population mean and expressed as mean standard deviations above or below the population mean. Hierarchical linear regression models of neurophysiological and PRO measures with stepwise inclusion of predictive variables that may assist in screening CCS, including demographic, malignancy, and treatment variables, as well as concurrent clinical, neurophysiological, and functional outcomes were constructed to determine effect size (R 2 increase) of each variable.
Results
A total of 169 patients met the inclusion criteria, of whom 48 (28.4%) were unable to be contacted or declined participation because of competing appointments or not wanting to participate in research. Neurotoxicity assessments were conducted in 121 CCS, of whom 65 (53.7%) were male, at a median (range) age of 16 (7.0-47.0) years, including 107 (88.4%) who received neurotoxic chemotherapy agents and 14 (11.6%) who received a protocol with no neurotoxic agents. Exposure to chemotherapy occurred a median (range) age of 4 (0-17.5) years, and the participants were tested a median (range) 8.5 (1.5-29.0) years after completion of their treatment ( Table 1) . Demographic characteristics are described for the entire cohort of 121 participants, but comparisons for all CIPN parameters were carried out between individual subgroups (ie, CCS who received neurotoxic chemotherapy vs controls or CCS who did not receive neurotoxic chemotherapy vs controls). Radiotherapy exposure was seen in 50 of 107 CCS (46.7%) who received neurotoxic chemotherapy; 12 (11.2%) had cranial or craniospinal irradiation, 25 (23.4%) had extracranial involvedfield irradiation, 12 (11.2%) had total body irradiation, and 1 (0.9%) had both cranial and total body irradiation. Additionally, 21 CCS (19.6%) who received neurotoxic chemotherapy also received a bone marrow transplant. Twenty CCS (18.7%) had a body mass index (calculated as weight in kilograms divided by height in meters squared) in the overweight category (>25), and 4 (3.7%) were in the obese category (>30).
Vinca alkaloids were the most commonly used neurotoxic chemotherapy agent and were used in 86 of 121 CCS (71.1%), of whom 81 (66.9%) received vincristine as the sole neurotoxic agent and 5 (4.1%) received multiple vinca alkaloids. Platinum agents were prescribed to 20 CCS (16.5%), including 7 (5.8%) who received cisplatin, 7 (5.8%) who received carboplatin, and 6 (5.0%) who received cisplatin and carboplatin; 7 (5.8%) were prescribed platinum agents as the only neurotoxic therapy and 13 (10.7%) were prescribed platinum agents in combination with vinca alkaloids. Thalidomide was the sole neurotoxic agent in 1 participant (0.8%). Numbers of patients, age, and sex distributions for the CCS and controls in the adult and pediatric age groups for each of the CIPN parameters are presented in eTable 2intheSupplement.
Clinical Findings
Participants treated with neurotoxic chemotherapy demonstrated a significant increase in signs and symptoms of neuropathy as assessed via the TNS (mean [SD; range] score: CCS, 2.9 [3.2; 0-14]; controls, 0.8 [1.0; 0-4]; P < .001) ( Table 2) . Total Neuropathy Score abnormalities were present in 53 of 100 CCS (53.0%) treated with neurotoxic chemotherapy and 5 of 36 controls (14%). More prominent abnormalities of the peripheral clinical neurological assessment (TNS > 3) were more prevalent in CCS treated with a cisplatin-containing protocol ( 
Neurophysiological Findings
The lower limb sural sensory amplitudes were smaller in CCS exposed to neurotoxic chemotherapy compared with agematched controls (mean reduction, 5.8 μV; 95% CI, 2.8 to 8.8; P < .001) suggesting a reduced number of functioning axons ( Table 2 ). In comparison, no significant reduction was seen in the sural amplitude in CCS not exposed to neurotoxic chemotherapy (mean reduction, 0.4 μV; 95% CI, −6.7 to 5.9; P = .90).
A sural amplitude below the mean (SD) control recording of 23.3 (7.8) μV was observed in 65 of 85 CCS (76%) treated with neurotoxic agents (Figure 1 had an abnormal sural amplitude as well as an abnormal TNS, fulfilling criteria for peripheral neuropathy. 19 No significant difference was observed in the sural sensory conduction velocity (0.9 m/s; 95% CI, −1.3 to 3.1; P = .40). In contrast, there were no significant differences in motor amplitudes between CCS treated with neurotoxic agents and controls, including amplitudes from the tibial nerve to abductor hallucis (−0.4 mV; 95% CI, −2.0 to 1.2; P = .60) and the peroneal nerve to extensor digitorum brevis (−1.0 mV; 95% CI, −2.1 to 0.2; P = .09). Comparable values were also obtained for the upper limb median (SD) sensory amplitudes for CCS (60.2 [28.0] μV) and controls (61.6 [21.9] μV) (P = .80). Individually, compared with population reference ranges, abnormal values were seen in 1 of 85 CCS (1%) for tibial motor amplitude, 3 of 44 (7%) for peroneal motor amplitude, and 4 of 103 (3.9%) for median sensory amplitude. All but 1 CCS with abnormalities in other nerves also had an abnormal sural amplitude.
Functional Assessment Findings
In child and adolescent participants, there was no significant difference between CCS treated with neurotoxic agents and population references in the mean (SD) combined score percentiles of manual dexterity (43. Figure 2 ).
In adult participants, impaired performance was seen in the neurotoxic group compared with controls in distal sensory and motor tasks using Von Frey monofilaments testing light touch sensation (increased threshold, 0.1 mN; 95% CI, 0.03 to 0.2; P = .01), the grating orientation task testing cutaneous spatial resolution (increased threshold, 0.7 mm; 95% CI, 0.1to1.2;P = .003), and the grooved peg board testing manual dexterity (increased time to completion, 5.9 seconds; 95% CI, 1.6to10.1;P = .008) (Table 2; Figure 2 ). This translates to a difference of 0.4, 0.5, and 0.6 SDs, respectively, compared with controls. Additional matching for sex for the grooved peg board, given known sex differences in performance (eMethods in the Supplement) demonstrated a similar difference in the mean, which did not reach statistical significance in the context of a smaller sample size (increased time to completion, 4.7 seconds; 95% CI, 0.1 to 9.5; P = .06).
Comparison of CCS who did not receive any neurotoxic chemotherapy with controls did not demonstrate any functional differences except in the grating orientation task in the adult group (increased threshold, 0.5 mm; 95% CI, 0.003 to 1.0; P = .049). However, there were only small sample sizes in these subgroups (8 child and adolescent participants and 6 adult participants).
Patient-Reported Outcomes
Parent proxy reports for child and adolescent participants in the neurotoxic group demonstrated significant impairment and participation restriction across multiple domains, including the PedsQL physical domain (−0.4 SD; 95% CI, −0.6 to −0.1; P = .01) and psychosocial domain (−0.8 SD; 95% CI, −1.1 to −0.5; P < .001) and the PODCI sports and physical functioning domain (−0.4 SD; 95% CI, −0.8 to −0.1; P = .008). In comparison, child/adolescent self-report demonstrated impairment in the PedsQL psychosocial domain only (−0.3 SD; 95% CI, −0.5 to −0.05; P = .02) (eTable 3 in the Supplement).
In adult participants in the neurotoxic group, greater symptom report and poorer functioning and quality of life (QOL) were evident in all domains of the EORTC quality-oflife questionnaire (reduced physical functioning, 5.0 points; 95% CI, 0.9 to 9.1; P < .001) and CIPN20 questionnaire, except the autonomic symptom scale (increased neuropathy symptoms, 4.7 points; 95% CI, 1.2 to 8.2; P < .001) (eTable 3 in the Supplement). The 14 participants not exposed to chemotherapy (8 child and adolescent participants and 6 adult participants) were not different from controls in any of the domains.
Correlations
The clinical findings (TNS) were associated with the neurophysiological findings as well as the PRO measures for child and adolescent CCS (lower limb sural amplitude: Pearson correlation coefficient [r] = −0.33; P=.002; parent-reported PedsQL physical domain: Spearman correlation coefficient [r s ] = −0.44; P < .001; parent-reported PedsQL psychosocial domain: r s = −0.43; P < .001; parent-reported PedsQL overall function domain: r s =−0.45;P < .001; parent-reported PODCI sport and physical function domain: r s = −0.31; P = .02; self-reported PedsQL physical domain: r s = −0.29; P = .03; self-reported PedsQL psychosocial domain: r s = −0.33; P = .01; self-reported PedsQL overall function domain: r s = −0.34; P = .01; and selfreported PODCI sport and physical function domain: r s = −0.38; P = .008). Notably, there was also a positive correlation between the parent-reported and self-reported overall function PedsQL (r = 0.66; P < .001) and PODCI sport and physical function (r = 0.66; P < .001) domains.
Adult and pediatric functional outcomes did not correlate with TNS, neurophysiological, or PRO measures. Importantly, no correlation was seen between vincristine dose and TNS or neurophysiological measures.
Risk Factors and Predictors
The TNS was the most significant predictive variable for PRO as well as neurophysiological outcomes, making it a valuable Table 3) . Following univariate analysis, radiotherapy (any location), sural amplitude, and TNS were the most probable significant predictors of PROs. Multivariate hierarchical linear regression demonstrated that the TNS was able to predict 25.6% of variability in parent-reported PedsQL scores (R 2 = 0.38; β coefficient = −0.54; P < .001) and 22.6% in self-reported PedsQL scores (R 2 = 0.24; β coefficient = −0.52; P = .001), 28.6% in parent-reported PODCI sport and physical function domain (R 2 = 0.40; β coefficient = −0.57; P < .001), and 46.5% in the EORTC CIPN20 questionnaire (R 2 = 0.47; β coefficient = 0.77; P < .001). The TNS was also the only significant predictor of neurophysiological (sural amplitude) outcomes, predicting 10% of the variability (R 2 = 0.09; β coefficient = −0.32; P = .004) ( Table 3 ). Importantly, age at diagnosis, time since completion of treatment, body mass index, type of malignancy, type of chemotherapy, and bone marrow transplantation were not predictive of neurophysiological or patient-reported deficits.
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Discussion
Comprehensive, multimodal assessment of long-term survivors of extracranial childhood malignancy identified coherent abnormalities attributable to CIPN across objective and subjective measures. This study included participants who received multiple forms of treatment for a wide range of cancer types, increasing the generalizability of the findings. Clinical abnormalities are common and evident early in CCS and are accompanied by an overall reduction in the number of axons, manifesting as a length-dependent, predominantly sensory axonal neuropathy. Abnormalities are more prevalent following exposure to cisplatin, suggesting a greater neurotoxicity profile. Clinical abnormalities were correlated with deficits in PROs and QOL, suggesting that these changes are clinically relevant and important to monitor in CCS. There may be multiple risk factors that predispose CCS to the development of CIPN, including the type of neurotoxic agent and a genetic predisposition, and further delineation of these risk factors is critical to neuroprotective strategies. 7, 20 Recent evidence of benefit from targeted exercise intervention in pediatric inherited neuropathy provides the rationale for further similar therapeutic research in patients with CIPN. 21 The widespread reduction in sural amplitude following exposure to neurotoxic chemotherapy, with 23.5% of CCS below population reference ranges, suggests an irreversible reduction in the number of functioning axons. This reduction is not evident in the CCS subgroup not exposed to neurotoxic chemotherapy. In contrast to the predominantly motor acute vincristine neuropathy reported in children, 22, 23 our study identified a predominantly sensory long-term neuropathy with both vinca alkaloids and platinum agents, similar to findings in adults. 24 This may be due to lack of protection from the blood-nerve barrier in the sensory dorsal root ganglia 25 as well as an underappreciation of acute sensory manifestations during chemotherapy treatment in the pediatric population. Additionally, long-term negative carboplatin had comparable neurotoxicity with those receiving cisplatin. However, its neurotoxicity in isolation is difficult to ascertain because of the small number of patients in this cohort receiving carboplatin alone. The reduction in the number of residual axons in this cohort suggests a smaller axonal reserve following exposure to neurotoxic chemotherapy. The natural history of aging involves a reduction in axonal responses over the life span, 17, 39 which, in the context of a reduced axonal reserve, may confer a greater susceptibility to reduced function at an earlier age. Childhood cancer survivors are also at an increased risk of metabolic syndrome and diabetes. 13, 40, 41 Diabetes is one of the leading causes of peripheral neuropathy worldwide, and it is being increasingly recognized that impaired glucose tolerance, prediabetes, metabolic syndrome, and obesity can also manifest peripheral neuropathy. [42] [43] [44] Consequently,
CCS may be at a greater risk of diabetic and prediabetic neuropathy, and this underscores the need for vigilance in this population as well as the importance of screening for early signs of peripheral neuropathy. Chemotherapy-induced peripheral neuropathy-related impediments in physical function may also result in a reduced inclination for regular exercise, adding a further metabolic and cardiovascular risk factor. From a functional perspective, reduced manual dexterity and distal sensation were seen in children and adults on objective testing. Behavioral sciences literature suggests the use of 0.2, 0.5, and 0.8 SDs to demonstrate meaningful clinical differences of small, moderate, and large effect size, respectively. This would suggest that the 0.4 to 0.8 SD deficits observed in the generic health-related QOL and specific neuropathy parent-reported and patient-reported outcomes may have clinical relevance. [45] [46] [47] [48] However, the clinical significance of the 0.3 to 0.4 SD differences seen in the pediatric functional tasks and 0.4 to 0.6 SD differences in the adult functional tasks are more difficult to interpret. These relatively modest differences might reflect the large inbuilt reserve in pediatric nerves, and the implications of a reduction in this axonal reserve may only become evident with a longer period of observation as the current cohort gets older and potentially accumulates more neurological deficits, as observed in other CCS.
49,50
The stepwise acquisition of new skills during development in children might mean that more significant deficits would present with motor or sensory disability, whereas milder deficits may only present with a failure to achieve their premorbid potential rather than loss of skills. This change in developmental trajectory can be difficult to appreciate. As such, the PRO measures demonstrate global reduction in QOL and more specific impairment in physical function on the PODCI and EORTC questionnaires, suggesting that these deficits on formal testing may be relevant. Other studies have also reported deficits in strength and mobility, 8, 9, 14 balance, 51 and postural control 52 as well as poorer QOL outcomes 53 in CCS. However, the present study links CIPN-specific measures with long-term QOL, providing an important and comprehensive assessment of the association of long-term neuropathy with patient function. Importantly, we have demonstrated the TNS as a significant predictor of adult and pediatric PROs. While deficits evident in functional measures and PROs may be multifactorial, the TNS was specifically designed to capture peripheral neurotoxicity, has been validated against multiple neuropathy measures, [54] [55] [56] and is correlated with objective neurophysiological measures in CCS, enabling greater confidence in attributing abnormalities to peripheral neuropathy. The TNS is based solely on clinical assessment and has less interindividual variability than neurophysiological testing, making it a valuable screening tool to identify patients at higher risk of disability from peripheral neuropathy.
Limitations
This study had limitations. Although tested several years after completion of their chemotherapy, it is unlikely that participants developed peripheral nerve injury from other causes during this time, given the young age of the cohort. Furthermore, comorbidities and preexisting conditions known to cause nerve injury, such as diabetes, renal failure,
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Chemotherapy-Induced Peripheral Neuropathy in Long-term Survivors of Childhood Cancer and critical illness neuropathy, were specific exclusion criteria. While there is a wide range of time elapsed since completion of treatment among the survivors, the median time since completion of treatment is 8.5 years. Late onset of neurological deficits with an increase in cumulative incidence up to 30 years after completion of therapy has been observed in large databases of CCS 49,50 and may be compounded by additional comorbidities that occur as late effects. The administration of different functional and PRO measures for adults and children limited the numbers of participants in some subgroups, including CCS who did not receive any neurotoxic chemotherapy. Further studies are required to develop a greater understanding of CIPN in high-risk CCS, particularly those treated with platinum agents. The functional and PRO measures used in the pediatric participants were not specifically designed for use in CIPN, and only a subset of MABC measures identified functional impairments. As such, the development of responsive, pediatric CIPN-specific outcomes measures would be important for further clinical research into neuroprotective strategies and exercise interventions.
Conclusions
Long-term deficits in clinical, electrophysiological, and functional measures of peripheral neuropathy were common in our young cohort of CCS with concurrent deficits in PRO measures. Multimodal testing with inclusion of objective neurophysiological measures and subjective PRO measures is important to be able to attribute abnormalities to CIPN and determine their clinical relevance. Both the type of neurotoxic agent used and a targeted clinical neurological assessment are important considerations when screening CCS for long-term neuropathy. The effect of CIPN may be greater in the presence of other comorbidities, such as diabetes, and also as CCS get older. Development of standardized, CIPNspecific pediatric assessment tools, further research into the acute development and progression of neuropathy, and delineation of genetic and nongenetic predisposing factors are essential for the development of neuroprotective interventional, and rehabilitative strategies to optimize the longterm QOL for CCS. 
